RNA polymerase I transcripts, purified from Schizosaccharomyces pombe cells, terminate at three sites that precede 'Sal box'-like termination element (TE) sequences. Essential features in these elements were investigated by the in vivo expression of targeted mutations. RNA analyses confirmed a functional significance for two of the elements (Boxes 1 and 3), but indicated that the third, less related, sequence (Box 2) does not function as a termination signal. The results further indicated that the most conserved residues in the two active TEs, as well as adjacent regions, are also most critical to function. Furthermore, some mutations in these elements or in immediately flanking sequences affect not only the efficiency of termination, but also alter the position of termination by as much as 35 nt. Since the element is able to influence the site of termination over a surprisingly long stretch of DNA sequence, these observations suggest that the TE does not act simply as a pause element by fixing the termination factor.
INTRODUCTION
In eukaryotes, the termination of RNA polymerase I (pol I) pre-rRNA transcripts is mediated by the binding of a protein transcription termination factor (TTF) to a termination element (TE) located 12-20 bp downstream of the actual termination site (reviewed in [1] [2] [3] [4] [5] . Based primarily on in vitro studies, a two-step termination mechanism has been proposed in which the terminator protein acts to pause the elongating complex allowing an upstream release element (URE) to mediate the release of the transcript at the termination site (6) . While a URE has not been found in every organism (7) and the need for this element has been questioned experimentally (8) , the TE and its interaction with a TTF has been documented clearly in several cell models, including the mouse, frog and budding and fission yeasts (reviewed in [1] [2] [3] [4] [5] . Recently, a mouse release factor has also been cloned. This protein appears to bind specifically to uridylate residues encoded by the URE sequence (9) .
The termination element itself was first documented in the mouse as an 18 bp repeating sequence motif termed the 'Sal box' because it contained a SalI restriction enzyme recognition sequence (10) . Although the sequence homology between TEs is rather limited in diverse organisms, functionally equivalent repeating elements have been observed to be associated with all termination sites and, where studied, a cognate binding protein has been identified. Unexpectedly, in Saccharomyces cerevisiae this protein was found to be Reb1p, a protein also linked to the control of gene expression (reviewed in 11).
In Schizosaccharomyces pombe rRNA transcripts, three termination sites have been identified by the mapping of termini with S 1 nuclease digestion (12) . Three 'Sal box'-like TE sequences have also been linked with these sites (12) and a protein factor with affinity for two of these elements has been cloned and found to be related to the S.cerevisiae Reb1p protein (13) . In the same two S.pombe TE sequences, however, the sequence homology is not limited to the core protein binding site. Rather, it appears to extend almost continuously from the termination site and even several residues downstream of the functional TE core that has been identified in S.cerevisiae. To evaluate the significance of these extended similarities, in this study targeted mutations were introduced throughout the region of sequence homology and the mutated rDNAs were expressed in vivo for transcript analyses.
MATERIALS AND METHODS

Strains used
Escherichia coli C490 (from C600, recA -, rk -, mk -, thr -, leu -, met -) (14) was used as a host for a pTZ19R plasmid template containing only the 3'-ETS sequence of rDNA (12) . Schizosaccharomyces pombe (h -, leu 1-32, ura4-D18) (15) was used as a host for the various pFL20 yeast shuttle vector derivatives containing 'tagged' rDNA repeats and mutated terminator elements.
Construction and expression of mutant rRNA intergenic sequences
Site-specific base pair substitutions were introduced into the intergenic region of S.pombe rDNA by the 'megaprimer' technique (16) with an extended annealing time (17) . The template for mutagenesis ( Fig. 2A) was a 2.4 kb fragment of S.pombe rDNA encompassing the 3'-end of 25S rDNA and 800 bp of downstream 3'-ETS and intergenic sequences that was subcloned into the pTZ19R vector (12) . Two markers were contained in the fragment: a unique NotI restriction enzyme recognition sequence within the last variable domain of 25S rDNA and a *To whom correspondence should be addressed. Tel: +1 519 824 4120; Fax: +1 519 837 2075; Email: rnnazar@uoguelph.ca 22 bp deletion in an extended hairpin structure in the 3'-ETS. Mutations were introduced into the fragment by a two-step PCR-based procedure (17) . Mutations were identified by differential hybridization (18) and confirmed by dideoxy sequencing (19) . Fragments containing appropriate changes were cleaved from the intermediate and used to replace the normal sequences in the shuttle vector containing the tagged S.pombe rDNA transcriptional unit (Fig. 2B ) previously described by Melekhovets and co-workers (12) .
S 1 nuclease mapping of transcript termini in rRNA precursors
The termini of plasmid-derived mature and precursor rRNA transcripts were detected and quantified by S 1 nuclease mapping as described by Aldea et al. (20) using PCR-generated plasmidspecific probes for normal or mutant rDNA that spanned the 3'-ETS and intergenic sequences. The purified probes were digested with NotI restriction endonuclease (Fig. 2 ) and radiolabeled by filling in the recessed 3'-end with [α-32 P]dCTP and Klenow enzyme (20) . Appropriate probes (~100 000 c.p.m.) were incubated with total cellular RNA extracts (20 µg) in 20 µl hybridization buffer (3 M NaTCA, 5 mM Na 2 EDTA, 50 mM PIPES pH 7.0) at 30°C for 12 h. The hybrids were then digested for 30 min at 37°C with S 1 nuclease (50-200 U) in 15 mM ZnCl 2 , 250 mM NaCl, 40 mM NaAcO, pH 5.5 (200 µl total volume). Digests were terminated with SDS/EDTA, extracted with phenol/chloroform/isoamyl alcohol (25:24:1), ethanol precipitated and analyzed on 6% polyacrylamide sequencing gels alongside standard chain termination sequence reaction products applied to the analytical gels as fragment length markers.
Scanning densitometry
Quantitative analysis of the fractionated bands corresponding to rRNA termini was performed using a Umax Astra 600P scanning densitometer (Umax Technologies, CA) and Molecular Analyst ® PC software v.1.0 (BioRad Laboratories, CA). The nuclease protection signals from duplicate electrophoretic fractionations of two independent transformants of a given construct were analyzed and expressed as a percentage of the total radioactivity in all transcripts.
RESULTS
Although past studies indicate that the termination and release of pre-rRNA in S.cerevisiae is dependent on two short sequence elements, the Reb1p binding site and an upstream release element ( Fig. 1 ), sequence comparisons in S.pombe indicate two striking differences. As also indicated in Figure 1 , Shaded residues indicate identical nucleotides in all three S.pombe termination sites, while the enclosed residues are identical only in Sites 1 and 3. The primary protein binding site (Box1) was previously defined by genomic footprinting (12) . Bold sequences indicate the putative core TE sequence as well as mutations in the TE sequence at Site 1; the efficiency of termination with each mutant sequence is indicated in parentheses. The extent of transcription is indicated by the 37S pre-rRNA. a comparison of the three known termination sites reveals a more extended sequence homology between Sites 1 and 3 (enclosed residues) and a substantially reduced level of homology in the third, Site 2 (shaded residues). To further evaluate the significance of these similarities and differences, sitespecific mutations, using a PCR-based mutation strategy (17) , were introduced into the regions of highest homology and the termination of mutant transcripts was examined in vivo using an efficiently expressed, tagged shuttle vector system (22) . As illustrated in Figure 2 and fully documented in past studies (8, 12) , in this case the S.pombe rDNA transcriptional unit contained tags in the 5.8S and 25S rDNA sequences as well as a deletion in the highly conserved 3'-ETS stem, which has been shown to inhibit pre-rRNA processing (12) . As demonstrated in Figure 3 (lane a), such a deletion permits the termination sites to be easily visualized and quantified. With normal gene termination sequences~90% of the transcripts end at Site 1 and most of the remaining molecules end at Site 2.
The first series of changes were directed at the 'Sal box'-like element, previously shown to be essential for termination by complete deletion (12) and presumably functionally equivalent to the Reb1p binding site sequence in S.cerevisiae (Fig. 1) . As illustrated by the example analyses in Figure 3 and summarized in Figure 1 , large sequence changes again resulted in an essentially complete inhibition of termination. This was true even when the sequences were the known or putative termination sequence elements in mouse and S.cerevisiae (lanes m and s) .
In contrast, the effects of smaller 4 bp block substitutions were relatively modest; in most cases, the reduction in the efficiency of termination was usually~25%. The most striking changes occurred when the more conserved residues were changed. For example, the AGG/TCC sequence appears in all three TEs and corresponds to the left border of the Reb1p binding site in S.cerevisiae. When this cluster was altered, the efficiency of termination dropped by almost 50%. A cluster of three G/C box pairs also appears in all three TEs and even in the Reb1p binding site of S.cerevisiae. When this cluster was disrupted the overall efficiency for the first element only dropped bỹ 25% but, as shown in Figure 3 (lane d) , the actual site of termination was altered for most transcripts with~75% terminating The mutant DNA was digested with NotI (N) and PvuII (P) restriction endonucleases and subcloned into a pFL20 yeast shuttle vector (thin line) containing a S.pombe rDNA transcription unit (pFL20/Sp25Not), which also contained a NotI restriction site (12) and a tag (open asterisk) in the 5.8S rRNA sequence. Recombinants, which contained the mutated termination sequences, were selected by differential hybridization (18) using the mutagenic oligonucleotide primers. Pol I transcript termini in nascent RNAs from S.pombe rDNA containing TE sequence substitutions. Four base substitutions were introduced into the first terminator element, as described in Figure 2 , and mutant rDNAs were used to transform S.pombe cells. RNA was prepared by SDS/phenol extraction from cells transformed with normal TE sequences (a) and the ATGT/TACA (b), CGGC/GCCG (c), CTCT/GAGA (d), ATCC/TAGG (e), GACCAGTACTCCG/GCTGGTCATGAGGC (m) or GAGAAGGGCTTCAC/ CTCTTCCCGAAAGTG (s) substitutions as described in Figure 1 . One kilobase NotI-HindIII digestion fragments of DNA overlapping the terminal regions (Fig. 2) in each of the plasmids were labeled at the 3'-end of the coding strand with [α-32 P]dCTP and Klenow fragment for plasmid-specific probes. The labeled fragments were incubated at 90°C for 5 min to separate the strands and then hybridized with RNA aliquots (20 µg) at 30°C for 12 h. The resulting hybrids were digested with 100 U of S 1 nuclease at 37°C for 30 min and, after extraction with phenol/chloroform, the fragments were fractionated on a 6% polyacrylamide sequencing gel. An undigested probe (Ctl) and a digest with RNA from E.coli cells (Ec) were also fractionated together with standard dideoxy sequencing reaction products (G, A, T and C) as residue markers. The positions of the major termini with normal S.pombe RNA are indicated at the right.
18 nt beyond the normal Site 1 and only~25% of the termini ending at Site 1.
Because the sequence homology for at least two of the TEs (Boxes 1 and 3) was observed to extend further upstream and downstream, changes were also introduced in these flanking regions. As illustrated in Figure 4 , simple sequence inversions (lanes a and b) had no effect, but more extensive changes, both upstream and downstream of the TE, had surprisingly dramatic effects. When the region between the termination site and protein binding site was altered, with GGATCC being substituted for the highly conserved TTGAAGAGATAA region, a very severe reduction in the termination efficiency was evident (Fig. 4, lanes e and f) . When the downstream region was altered, the overall efficiency of termination was not significantly affected, but only~50% of the molecules terminated at the normal site. The remaining 40% of the transcripts terminated 7 nt downstream and 10% terminated 35 nt after the normal site.
The sequence differences which are associated with the second mapped termination site also raise questions about the critical sequence elements in S.pombe. When the Box 1 sequence is fully deleted,~90% of terminations occur at Site 2 (8), an observation which suggests that the Box 2 sequence is equally effective in bringing about termination. However, an alternative explanation, which has been raised in the past (8) , is the possibility that the mapping of termini by S 1 nuclease digestion is misleading, due to non-specific cleavage in the extended thymidylic acid residue cluster that follows Site 2. To test this possibility further, the conserved central core of the second TE was extensively changed as indicated in Figure 5 . As also shown in Figure 5 , when this mutant gene was expressed in vivo, the pattern of termini was entirely normal and there was no elevation in the termini ending at Site 3, as might be anticipated if the second putative TE actually functions to terminate transcripts at Site 2.
DISCUSSION
The present studies, while further supporting the presence of TEs at two of the known termination sites in S.pombe rRNA, raise a number of new questions regarding functionally important features in this yeast, and perhaps other organisms. The most highly conserved feature in all three termination sites in S.pombe and even S.cerevisiae is a cluster of three G/C base pairs at or near the center of the TE (Fig. 1) . As also indicated in Figures 1 and 3 , a four base substitution in this region dramatically altered the position of termination in~75% of the transcripts. Changes in a second conserved region (AGG/TCC) had no effect on the positioning of termination, but reduced the efficiency by~50%. Other equally large changes in less conserved regions had modest effects (~25% reduction) and only changes at many positions in the TE reduced termination to very low or undetectable levels. Taken together, these changes suggest that stability in protein binding is dependant on interactions across the entire sequence element. However, residues which are conserved in these yeasts appear to have greater and d) , such changes result in transcripts which terminate up to 35 nt beyond the factor binding site. The reason for these extended termini is not obvious, but they raise the possibility that the termination factor may not act simply to pause the polymerase complex, but actually may interact actively with the transcription complex to induce termination either rapidly upstream from the site of binding or downstream of it when it acts less efficiently. In mouse, Grummt and coworkers (23) have found that the binding of TTFI induces DNA binding. Such a conformational alteration may underlie the changes which we observe in the termination position. While other possibilities can be proposed, these present observations are clearly difficult to reconcile with the prevailing model for termination involving a simple pause mechanism (6) .
The present study has also demonstrated that a functional role for the conserved 5'-flanking sequences is indicated by the abolition of termination with sequence changes between termination Site 1 and the TE (Fig. 4, lanes e and f) . While more distant upstream elements have been the target of past experimentation (9, 24, 25) , in general, the significance of immediately flanking sequences to the pol I termination process is even less clear. The present study indicates that the TE sequence, at least in S.pombe, may be more extended than previously proposed in S.cerevisiae (Fig. 1) . In vitro studies, carried out in a mouse cell model, have also shown that downstream sequences contribute to the efficiency of termination and that the position of the 3'-end of pre rRNA was affected by deletions in the 5'-flanking sequences (26) . Therefore, taken together, both in vivo and in vitro analyses are consistent with a more extended TE, which also appears to do more than simply pause the transcription complex.
As noted earlier, previous sequence comparisons raised the possibility that in S.pombe the second largest transcript did not actually represent a true termination event, but is simply an artifact of S 1 nuclease digestion due to preferential cleavage of the extended A/T cluster which follows this putative termination site. As illustrated in Figure 3 (lanes m and s) , when the first TE sequence was significantly altered, the second transcript became dominant. In contrast, as shown in Figure 5 , when a large change was introduced into the conserved residues which constitute the second putative factor binding site, there was no effect on the transcripts terminated at Site 2 and there was no elevation in transcripts terminated at Site 3. These observations strongly support the possibility that termini ending at Site 2 are preferential cleavages in transcripts terminating at Site 3 or beyond. We conclude that termination in S.pombe rDNA actually occurs at only the two highly conserved termination sites with 90% of transcripts released at Site 1 and the remainder at Site 3. a and b) and the termini were detected after S 1 nuclease digestion and fractionation on a 6% polyacrylamide gel. An undigested probe (Ctl) was also fractionated together with standard dideoxy sequencing reaction products (G, A, T and C) as residue markers. The three known termini with normal S.pombe RNA are indicated at the right.
